Purpose: Studies have reported cases of metal allergy caused by titanium-containing materials. We wished to clarify the relationship between titanium allergy and dental implants by describing patients who suffered allergic symptoms after they had received such implants. Methods: A total of 270 patients who visited a Dental Metal Allergy Clinic at Tokushima University Hospital from April 2010 to March 2014 were the study cohort. Patch testing with 28 types of metal allergens (including four titanium allergens) was undertaken for patients. Results: A total of 217 patients (80.4 %) exhibited allergy-positive reactions to at least one type of metal allergen. Mercury, palladium, chromium and nickel exhibited a higher prevalence of allergy-positive reactions than other metals. Sixteen patients visited our clinic suffering allergic symptoms after receiving dental implants. Eleven of those patients exhibited allergy-positive reactions for any of the metal allergens, and 4 of these patients had allergy-positive reactions against titanium allergens. The total number of allergy-positive reactions for titanium allergens among all 270 patients was 17 (6.3 %). No patient exhibited a positive reaction only for the titanium allergen. Conclusions: The prevalence of allergy-positive reactions for titanium allergens was lower than for other metal allergens. We suggest examination of pre-implant patients who have a history of hypersensitivity reactions to metals.
Introduction
Various types of metallic and organic materials have been used for dental treatment. Some of these materials have been reported to have pro-allergenic properties. In 1982, Fleischmann was the first to report that stomatitis and anocutaneous dermatitis are caused by mercury from amalgam fillings [1] . One year later, Blumenthal reported similar symptoms caused by amalgam fillings [2] . After publication of those reports, several studies from different countries detailed cases of allergy caused by mercury, nickel, chromium, palladium and cobalt [3] [4] [5] . Allergic symptoms from these materials were not restricted to the mouth: they were also found on the hands, legs and skin [6] [7] [8] [9] .
Allergy to dental metals (also termed "dental metal allergy" [DMA] ) is a component of metal allergy caused by the metal materials used in dental treatment. In 1987, Tokushima University Hospital (Tokushima, Japan) set up a DMA Clinic. Since then, we have been engaged in the treatment of DMA patients and have reported the results of etiological investigations among such patients [8, 9] . The prevalence of DMA has increased gradually compared with that reported by our research team previously.
Since surface of titanium metal was passivated with chemically stable titanium oxide, this material exhibits several properties that enable it to be used as a biomaterial: chemical stability, nonerosion and high biocompatibility. Titanium was considered to be a non-allergenic material [10, 11] , so many products containing titanium were used in plastic surgery and dental implants. Some early studies reported on allergy cases caused by titanium orthodontic appliances and the titanium frames of spectacles. However, in those reports the actual cause of allergic symptoms was the nickel [12] [13] [14] and/or palladium ingredients in titanium alloys [15] [16] [17] . Hence, a "genuine" example of titanium allergy was not known until since around the 1990's.
Several scholars have reported cases of suspected titanium allergy [18] [19] [20] [21] [22] [23] [24] . Peters et al. described a patient who had repeated implantation and removal of cardiac pacemakers because of pruritus, redness, and swelling of the skin overlying a titanium-containing pacemaker [18] . Lalor et al. described titaniumsensitive patients who underwent revision procedures for failed total hip replacements [19] . Thomas et al. reported a patient who developed eczema upon titanium-based osteosynthesis [22] . Egusa et al. reported facial eczema in association with a titanium dental implant [23] . Siddiqi et al. wrote a review of the literature suggesting that titanium can induce hypersensitivity in susceptible patients and could have a critical role in implant failure [24] . This is a cross-sectional observational study of titanium dental implants on dental metal allergy based on patients who attended the DMA Clinic in Tokushima University Hospital. We clarified the relationship between titanium allergy and the dental implant by describing patients who suffered allergic symptoms after they had received dental implants. Null hypothesis of this study is that there is no patient who suffers allergy symptoms caused with titanium dental implant.
Materials and methods

Ethical approval of the study protocol
The study protocol was in accordance with the Helsinki Declaration and was approved by the Research Ethics Committee of Tokushima University Hospital (number 1036).
Participants
All of 270 outpatients (61 males and 209 females) who visited the DMA Clinic within Tokushima University Hospital with a suspected diagnosis of DMA from April 2010 to March 2014 were investigated. The mean age of these patients was 53.9 (range, 7-85) years. A total of 260 patients (96.3 %) were referred by other institutions (Table 1) .
Methods
All patients underwent a general examination and intra-oral examination by dentists with more than 20 years' experience in the DMA Clinic. Afterwards, a patch test with 28 types of metal allergens was undertaken to identify allergenic metallic material. Our clinic uses 17 patch-test metal allergens (Patch Test Reagents; Torii Pharmaceutical Corpo., Tokyo, Japan) and 11 custom-made allergens [25] [26] [27] . These allergens include most of the metallic elements that are the main ingredients of alloys used for dental treatment in Japan. These allergens were attached to the skin on the back of patients with an adhesive plaster (Patch Tester Torii; Torii Pharmaceutical Corp.) and removed after 2 days. Skin reactions were classified after 2 days, 3 days and 7 days after initial attachment using criteria set by the International Contact Dermatitis Research Group [26, 28, 29] . The results of the patch test were stored with the hospital records of patients, including the diagnosis and allergic symptoms [29] (Table 2 ). Treatment plan for these patients is standing for comprehensive diagnosis of the allergy symptoms. Outcome of patch test, ionization of restoration, intraoral examination of the dental metal materials that reacted with patch test, physical findings of general allergy are involved in those diagnosis.
Histories of having dental implants and of contact dermatitis for jewelry were used as categorical variables to divide patients into two groups. The chi-square test was used to observe a relationship between implantation and allergy-positive metal reactions in these patients. Statistical analyses were carried out using SPSS v14.0J (SPSS Japan, Tokyo, Japan).
Results
Prevalence of allergy-positive reactions to metal allergens
A total of 217 patients (80.4 %) exhibited an allergy-positive reaction to at least one type of metal allergen. Typical allergic symptoms and diagnoses of these 270 patients are shown in Table 3 . Lichen planus, pustulosis palmaris et plantaris, stomatitis/ cheilitis/gingivitis, and glossitis/sensations in the lingual nerve were observed frequently. These symptoms showed prevalence that was similar to that documented in our previous study. Pustulosis palmaris et plantaris and contact dermatitis have only cutaneous symptoms, and concomitant intraoral symptoms were not observed in most cases. The prevalence of positive reactions for all patch-test allergens is shown in Table 4 . In order of frequency, positive reactions were found to mercury, palladium, chromium, nickel, cobalt and tin. Barium, titanium, silver, manganese, antimony and aluminum exhibited the lowest prevalence of positive reactions.
Sixteen patients (7 males, 9 females) had dental implants. The mean age of these patients was 65.1 (57-79) years, and they visited our DMA Clinic with allergic symptoms after receiving dental implants. Patients with dental implants exhibited a prevalence of allergy-positive reactions of 68.8 % to at least one type of metal allergen. Patients without dental implants exhibited a prevalence of allergy-positive reactions of 81.1 % to at least one type of metal allergen. Patients with dental implants exhibited a lower prevalence of positive reactions than patients without dental implants. However, the difference in the prevalence of allergy-positive reactions between groups with and without dental implants was not significant (chi-square test, p = 0.568). Table 4 displays the prevalence of allergy-positive reactions for all metal allergens. "High-risk" metals such as mercury, palladium, chromium and nickel exhibited a higher prevalence of allergy-positive reactions than other metals. Patients who had dental implants had a significantly higher prevalence of reactions to metal allergens that contained tetrachloride titanium (p = 0.01), but not to other metal allergens. A significant difference between these two groups was not observed for other metal allergens (Table 4) .
Ninety-three (4 males, 89 females) among total 270 patients (34.4 %) had a history of contact dermatitis for jewelry such as pierced earrings, necklaces or watches. Eighty-seven patients of these 93 patients (93.5 %) exhibited an allergy-positive reaction to at least one type of metal allergen. This prevalence of positive reactions was higher than that for patients who did not have a history of contact dermatitis for jewelry (72.9 %, chi-square test, p < 0.001). The prevalence of positive reactions for patients with a history of contact dermatitis for jewelry (NiSO 4 : 61.3 %, p < 0.001; PdCl 2 : 50.5 %, p < 0.001; K 2 Cr 2 O 7 : 40.9 %, p = 0.045; CoCl 2 : 33.3 %, p = 0.003; chi-square test for all) was higher than that for patients with no history of contact dermatitis for jewelry (Table 5 ). Four of ninety-three patients showed a positive reaction to a titanium allergen. Only one of the 93 participants that exhibited contact dermatitis had also received a titanium dental implant. This patient showed a positive reaction for some of metallic allergens except titanium, and presented with allergic symptoms after implantation. Fig. 1 shows the clinical characteristics of patch tests and the number of patients who had dental implants was 16. Eleven patients among these 16 patients (68.8 %) exhibited allergypositive reactions to at least one type of metal allergen. Only 4 patients exhibited positive reactions to titanium. Five of 16 patients had a negative reaction to all allergens. This prevalence (31.3 %) was higher than the prevalence of negative reactions in all participants (19.6 %). The total number of allergy-positive reactions for titanium allergens among 270 patients was 17 (6.3 %). All of these patients also exhibited a positive reaction to other types of metal allergens. In other words, no patient showed a positive reaction only for titanium allergens. Table 6 details the allergic symptoms experienced in patients who had dental implants. Group A (four patients) exhibited an allergy-positive reaction with a titanium allergen. Three out of the four patients showed severe allergic symptoms, and they wished have the intraoral metallic materials removed. One of these Table 4 Patch-test reagents and the prevalence of allergy-positive reactions for metal reagents. Metal reagents (concentration and vehicle) used in patch testing for all patients. This list also indicates the percentages of allergy-positive patients with and without dental implants for each reagent. Only TiCl 4 exhibited a significantly higher prevalence of allergy-positive reactions for patients with dental implants than that of patients without dental implants patients had all metallic restorations and the dental implant including the intra-osseous titanium implant body removed: the extent of eczema reduced completely. Two out of the remaining three patients had the metal restorations except for the dental implant and superstructure removed. Allergic symptoms of those two patients ceased after removal of the metallic material. One out of the four patients did not wish to have their intra-oral metal materials removed. Since this patient did not have severe allergic symptoms, only symptomatic therapy was conducted. Group B (seven patients) exhibited an allergy-positive reaction to a metal allergen other than a titanium allergen. Four out of seven patients ceased having allergic symptoms upon removal of intraoral restorations containing allergy-positive metallic materials. The remaining three out of seven patients did not wish to have the prosthesis which contained a positive metallic element removed, but wished to be followed up. However, allergic symptoms in these 3 follow-up patients did not resolve.
Allergic symptoms in patients who had dental implants
Group C (five patients) did not exhibit an allergy-positive reaction to any metal allergen in the patch test. However, one out of these five patients demonstrated re-test reaction during the patch test, and she did not want to retest. Her allergic symptoms ceased upon removal of metal restorations containing re-test metallic materials. The complaint from three out of five patients was an "itching sensation" and the diagnosis of an allergic symptom was difficult. Allergic symptoms in three of these patients disappeared during follow-up. One out of these five patients demonstrated lichen planus and was followed up; allergic symptoms in this patient did not resolve.
Discussion
In the 1980s, dental implants became one of the major choices for the treatment of missing teeth. Titanium was used as a material for dental implants at a very early stage in the development of dental implants [30, 31] . The high biocompatibility of this metal suggested that titanium was an allergy-free material, and several reports supported the safety of titanium [32] [33] [34] . However, Matono et al. and Koike et al. reported that titanium can be erosive if it coexists with other types of metal, or if it is exposed to fluorine ions in acidic environments [35] [36] [37] . Various types of metal materials have been used for dental treatment, and many dentifrices contain fluoride, so the activity of titanium ions in the oral cavity could be high.
Today, titanium is used not only for medical applications such as plastic surgery and/or dental implants, but also for paints, white pigments, and various types of everyday goods. This rapid expansion of titanium-containing products has increased percutaneous and per-mucosal exposure for the population. The patch test allergen for titanium is not standardized but Nakajima described allergen composed of pure titanium powder and Vaseline that was not preferable [25] . He suggested that TiCl 4 (0.1 %) is preferable as a patch test allergen for titanium. Hence, we used allergens of TiO 2 (30 %, 10 %) and TiCl 4 (0.1 %, 0.05 %) in the present study.
We found that 17 patients (6.3 %) among 270 patients exhibited an allergy-positive reaction against titanium allergens. Thirteen of these 17 patients did not have dental implants and/or orthopedic surgery with titanium products, so sensitization to titanium seemed to be due to environmental factors. The patients who had past history of contact dermatitis with jewelry exhibit higher allergy positive ratio for nickel, palladium, chromium and cobalt regents (Table 5) . So it could be suspected that the exposure for those metallic material in jewelry relevant to allergic symptoms. On the other hand titanium regent did not exhibit such relevance with jewelry. These results suggest the potential of jewelry to induce DMA. The European Union has introduced a legal regulation on the use of nickel material for ornaments such as earrings. Our data suggest that a similar type of regulation should be considered in Japan. The prevalence of allergy-positive reactions against titanium allergens was lower than for "risky" materials such as chromium, mercury, palladium and nickel, and no patient exhibited an allergypositive reaction only for a titanium allergen in this study. Crossreactions from different types of metal material may cause titanium allergy. However, the patient group that had dental implants exhibited a higher prevalence of allergy-positive reactions against titanium allergens than the group that did not have dental implants. This finding suggests that dental implants may increase the risk of titanium sensitization.
The symptoms of DMA can be seen in the oral mucosa as well as palmar, plantar and skin surfaces. Hence, finding the cause of allergy by observation of symptoms only is difficult. Another feature of DMA is that patients cannot stop exposure to the allergen by themselves unless the material in the denture is the cause of allergy. The allergenic material remains in the mouth, so the symptoms of DMA cannot be ablated by medication. Hence, if inflammation of skin (e.g., erythema, eczema, blisters) occurs and anti-allergic agents and other dermatologic treatments are ineffective, DMA should be suspected. Skin eruptions with rings, earrings and other piercings, metallic necklaces, wristwatches, or spectacle frames can be additional signs of DMA. Problems on the skin and intra-oral mucosa after dental treatment with metal materials also suggest DMA. However, even in such cases, immediate removal of metallic restorations should be avoided. Careful follow-up and identification of the metal material causing the allergic symptoms by patch testing is indispensable. High-risk restorations that contain chemically unstable metallic material should be removed, and step-by-step follow-up after removal of each material should be undertaken.
In our study, one of four titanium-allergy patients was relieved of allergic symptoms after removal of all titanium materials (including dental implants), whereas another patient recovered without removal of dental implants. Individual titanium sensitivity may explain this difference in treatment response. The second patient had all metallic restorations removed other than dental implants, so the loss of galvanic action between the titanium implant and other oral restorations might have reduced titanium Group A exhibited an allergy-positive reaction with a titanium reagent. Group B exhibited an allergy-positive reaction for a metal reagent other than a titanium reagent. Group C did not exhibit an allergy-positive reaction for any metal reagent in the patch test. All removed; removed all metallic material that including the intra-osseous titanium implant body. Removed except for implants; removed metallic material except for dental implant and superstructure. Removed positive metal; removed metallic material that exhibited allergy positive reactions. During removal; halfway of removing metallic materials. Removed pseudo-positive metal; removed metallic materials that exhibited pseudo-positive reaction during patch test (see Table 2 ). Not removed; patients did not want to remove allergy positive metal materials.
elution. We cannot predict the details of each patient's reaction, so removal of intra-oral metallic material using a step-by-step procedure should be undertaken. Our study showed a higher prevalence of allergy-positive reactions than reports using identical [38] or other patch-test methods [39] [40] [41] . The background of our patients may have been different from those of previous studies that evaluated the general patient population because 96% of our patients were referred from dental departments or dermatology departments with a diagnosis (or suspected diagnosis) of metal allergy. We think that the response to DMA by local dentists and dermatologists increased the number of referrals and prevalence of allergy-positive results in those patients. Hence, we believe that adequate knowledge of DMA will be helpful for patients suffering from incurable eruptions, itching and/or pain in the oral mucosa.
The number of patients confirmed to have titanium allergy with implant prostheses was very small. Most of the patients in our clinic were referrals and a supposedly high-risk group for allergy. Hence, it could be speculated that the prevalence of titanium allergy-positive cases in the normal population might be far less than that stated in the present study. New studies involving multiinstitutional etiological investigations are required to clarify the prevalence of titanium allergy. Moreover, several examinations have been reported for sensitivity and/or allergy test of titanium material [42, 43] . In those examination, inflammation markers such as IL-17 and IL-22 are used as the immunological assay. Although those examinations exhibited high reliability, clinical use of those techniques are not widely spread yet. Since those examination needs blood samples, non-invasive method that enable higher reliability of titanium allergy will be required.
However, the results of the present study showed that titanium allergy exists, even if the number was small. Hence, dentists and clinicians who may use titanium for biomaterials should be aware that there is no completely biocompatible metallic material.
Conclusion
The prevalence of allergy-positive reactions to titanium allergens was lower than for other metal allergens. However, the results of the present study showed that titanium allergy exists. The findings of this study deny the null hypothesis that there is no titanium allergy in patients caused by dental implants. We suggest an examination of pre-implant patients who have a history of hypersensitivity reactions to metals.
